The enzyme, L-glutamine D-fructose 6-phosphate amidotransferase (EC 2.6.1.16) of Neurospora crassa, which catalyzes the formation of glucosamine 6-phosphate was shown to be subject to feedback inhibition by uridine diphosphate N-acetyl-D-glucosamine (UDP-GlcNAc). The conclusion is based on the following observations. UDP-GlcNAc, the direct precursor of chitin, did not accumulate in the cell even when its utilization for the synthesis of cell wall chitin was interrupted by the antibiotic polyoxin D, a competitive inhibitor of the chitin synthetase (EC 2.4.1 .16). Furthermore, the cellular level of UDP-GlcNAc rose in a short period of time when the amidotransferase was bypassed in vivo by the addition of glucosamine to the growing medium of the fungus. The amidotransferase was purified from N. crassa approximately 85-fold. Kinetic studies showed that UDP-GIcNAc was a potent and specific inhibitor of the amidotransferase, and that it did not alter the Michaelis constant for either L-glutamine or D-fructose 6-phosphate, suggesting that the inhibitor binds at a site on the enzyme distinct from the active site.
The enzyme, L-glutamine D-fructose 6-phosphate amidotransferase (EC 2.6.1.16), which catalyzes the reaction fructose 6-phosphate + glutamineglucosamine 6-phosphate + glutamate has been demonstrated in rat liver (5, 16) , Escherichia coli (5), Neurospora crassa (5), Bacillus (3, 17) , and the aquatic fungus Blastocladiella emersonii (12) . Subsequently, Kornfeld et al. (11) reported that uridine diphosphate N-acetyl-D-glucosamine (UDP-GlcNAc) inhibited the amidotransferase, which catalyzes the first step in the biosynthesis of UDP-GlcNAc. This feedback inhibition was shown with the use of partially purified enzyme from rat liver. Kornfeld (9) further proved the presence of feedback inhibition of the amidotransferase in other mammalian tissues as well as the absence of inhibition in Salmonella paratyphi (A), Bacillus subtilis, and E. coli.
A previous paper (4) and preliminary experiments have shown that UDP-GlcNAc accumulates in the cell of N. crassa when glucosamine is added to its growing medium, but not in the absence of glucosamine even when the utilization of UDP-GlcNAc in the cell is impaired by polyoxin D, a competitive inhibitor of the chitin synthetase. These observations led to a consideration of the control of the synthesis of UDPGlcNAc which serves as direct precursor of cell wall chitin.
The present paper describes studies on the inhibition of the N. crassa amidotransferase by UDP-GlcNAc. Proof that the concentration of this nucleotide sugar in the cell is controlled by feedback inhibition of the amidotransferase is presented by experiments first with growing cells and then with the partially purified enzyme. Growth of N. crassa. Wild-type N. crassa was used throughout the experiments. A dense spore suspension of the fungus (107 to 108 spores per ml) was obtained by washing a slant with distilled water and removing mycelial fragments by filtration through sterile cotton gauze. Ten-milliliter portions of Vogel's medium (19) in 50-ml flasks were inoculated with 0.5 ml of this spore suspension and shaken on a reciprocal shaker at 28 C for appropriate periods of time.
Isolation and determination of UDP-GIcNAc. Portions (2 ml) of the culture were taken and added to 2 ml of cold 10% trichloroacetic acid. Nucleotides in the acid-soluble fraction were adsorbed on charcoal (Norit A), eluted with ammoniacal ethanol, and applied to Whatman 3MM paper (57-cm strip). Paper electrophoresis was performed in pyridineacetic acid-water (1:10:69; pH 3.5) at 3,500 v for 45 min. The UDP-GIcNAc spot was cut out, eluted with water, and measured spectrophotometrically.
Radioactive tracer experiments. Young mycelia grown for 18 hr were harvested by centrifugation, washed with water, and then suspended in 0.05 M tris(hydroxymethyl)aminomethane(Tris)-maleate [pH 6.0; 50 mg (wet weight)/ml] by stirring gently. Portions (5 ml) of the mycelial suspension were transferred to 20-ml flasks. After shaking at 28 C for 20 min, either 50 uCi of 14C-glucose (0.2 IACi/ ,umole) or 10 ,uCi of 14C-glucosamine hydrochloride (0.2 gCi/,Amole) was added to the flasks. At the same time, polyoxin D and unlabeled sugar were also added to the flasks as indicated, and the flasks were again shaken at 28 C for 2 hr. The incubation period was terminated by addition of 5 ml of cold 5% trichloroacetic acid to the flasks, and UDPGIcNAc was isolated and determined as described above. The radioactivity was counted in a Tri-Carb liquid scintillation spectrometer.
Preparation of cell-free extracts. Mycelial mat of N. crassa was disrupted by grinding with twice its weight of sand. The homogenate was extracted with three volumes of Tris-hydrochloride (pH 7.5). The mixture was centrifuged at 140,000 X g for 60 min, and the supernatant fluid was used as the cell-free extract.
Assay for amidotransferase. The enzyme was assayed for activity in a 0.5-ml reaction mixture containing 6 mm fructose 6-phosphate (fructose-6-P), 9 mM L-glutamine, 2 mm ethylenediaminetetraacetic acid (EDTA), 30 mm potassium phosphate buffer (pH 6.6), and enzvme. After incubation at 30 C for 10 min, reaction mixtures were heated in boiling water for 1 min and analyzed for glucosamine-6-P by the modification of the Morgan-Elson method described by Ghosh et al. (5); the volume of reagents used was scaled down by one-half. The protein precipitate formed when crude enzyme was assayed was removed by centrifugation before the measurement of optical density. Glucosamine hydrochloride was routinely used as standard, and controls were complete reaction mixtures boiled at zero time. One unit of enzyme is the amount catalyzing the formation of 1 ,umole of glucosamine-6-P per min under the above conditions.
Other methods. UDP-N-acetyl-D-glucosamine pyrophosphorylase was assayed by the method of Strominger and Smith (18) . Protein was determined according to Lowry et al. (13) .
Purification of amidotransferase. N. crassa was grown at 28 C in 5-liter Fernback flasks containing 1 liter of Vogel's medium (19) on a reciprocal shaker. After growth for 48 hr, the mycelia were collected by filtration, washed with water, and then lyophilized. About 5 g of dried mycelia were obtained from 1 liter of the medium.
The cell-free extract was prepared by grinding 1.5 g of the lyophilized mycelia with about 30 g of sand and 30 ml of 0.03 M potassium phosphate buffer (pH 7.0) containing 2 mM EDTA in a mortar at 0 C. The mixture was centrifuged at 20,000 X g for 30 min. The supematant fluid obtained was used as the starting material for the enzyme purification. To the crude extract (20 ml) was added 2 ml of 5% solution of streptomycin sulfate. After occasional stirring for 10 min, the precipitate was removed by centrifugation at 12,000 X g for 15 min. To the supematant fluid (20 ml) was added 6 ml of cold acetone (23.1%, v/v) with stirring at 0 C. The inactive precipitate was centrifuged off at 12,000 X g for 15 min. The supernatant fluid was then brought to 28.6% (v/v) with acetone by adding 2 ml of cold acetone with stirring. After 10 min, the precipitate was separated by centrifugation at 12,000 X g for 15 min and then dissolved in S ml of 0.03 M potassium phosphate buffer (pH 7.0) containing 2 mm EDTA.
Calcium phosphate gel (0.5 ml) was slowly added with stirring to the solution obtained in the preceding step, and the mixture was stirred for an additional 5 min. The gel was then collected by centrifugation at 12,000 X g for 10 min, and washed twice with 10 ml of 0.03 M potassium phosphate (pH 7.0) containing 2 mm EDTA. The enzyme was then eluted by suspending the gel in 2 ml of 0.15 M potassium phosphate (pH 7.0) containing 2 mm EDTA and 2 mM fructose-6-P, followed by stirring for S min. The mixture was then centrifuged at 12,000 X g for 20 min, and the supernatant fluid was retained. Owing to the instability of the enzyme, the entire procedure outlined above was conducted as rapidly as possible, generally taking 5 hr.
A summary of the purification is shown in Table 1 .
Since the purified enzyme preparations were very unstable, it was required that studies be conducted on the day that the preparations were made. The preparations lost half of their activity in 24 hr at -18 C, and all activity was lost in 24 hr at 4 C in the presence of fructose-6-P which exerted a considerable stabilizing action (Fig. 1) . The purified enzyme preparations were unstable to dialysis, losing about 90% of their activities when dialyzed for 2 to 3 hr against solutions containing EDTA, mercaptoethanol, phosphate buffer, and fructose-6-P. Those losses in activity on dialysis were not reversed by addition of boiled extracts or possible cofactors. The purified enzyme was stabilized by the presence of the substrate, fructose-6-P. Glutamine, another substrate of the enzyme, showed less protective effect against heat inactivation (Fig. 1) . UDP-GlcNAc also exerted a slight stabilizing action.
RESULTS

Demonstration of feedback control in vivo.
Polyoxin D (at a concentration of 1 mm, which was enough to inhibit completely the utilization of UDP-GlcNAc for the chitin synthesis) did not cause changes in the concentration of the nucleotide sugar in the cell when N. crassa was grown in Vogel's medium (which contains no glucosamine) (Fig. 2) , indicating that the synthesis of UDP-GlcNAc was interrupted under these conditions. On the other hand, an addition of 0.5% glucosamine hydrochloride (final concentration) to the growing medium almost doubled the cellular level of UDP-GlcNAc in 2 hr. The UDP-GlcNAc pool was further expanded when the chitin synthesis was interrupted by polyoxin D (Fig. 2) . It appeared, therefore, that the synthesis of UDP-GlcNAc in the presence of glucosamine was not inhibited and occurred normally even when its utilization was blocked by polyoxin D. From those observations, it was postulated that the cessation of UDP-GlcNAc synthesis in the absence of its utilization is due to a feedback inhibition by UDP-GlcNAc on some enzymatic steps of its biosynthetic pathway, probably on the step between fructose-6-P and glucosamine-6-P.
To verify this hypothesis, the incorporation of '4C-glucosamine and "4C-glucose into the UDP-G1cNAc pool of N. crassa was studied (Table 2 ). In the 14C-glucosamine uptake into UDP-GIcNAc, the total radioactivity incorporated into UDP-GlcNAc was extensively increased by the addition of polyoxin D, and, furthermore, the specific activity of UDP-GlcNAc recovered was kept unchanged under all the conditions tested (Table 2) . Thus, the biosynthesis of UDP-GlcNAc from glucosamine was not affected by the presence of unlabeled glucose or polyoxin D, or both. In the biosynthesis of UDP-GlcNAc from 'IC-glucose, however, no accumulation of this nucleotide sugar occurred when its utilization was blocked by polyoxin D, thus indicating that the biosynthesis of UDPG1cNAc from "4C-glucose was inhibited in the absence of its utilization. The results described above may best be explained by postulating that a feedback inhibition is operating to control the UDP-GlcNAc synthesis in N. crassa. When UDP-GlcNAc utilization for chitin synthesis is inhibited by polyoxin D, UDP-GIcNAc prevents the further synthesis of itself by inhibiting the first enzyme unique to its pathway, i.e., L-glutamine D-fructose 6-phos- crassa was grown at 28 C for 24 hr before the addition of glucosamine hydrochloride (GkcNH2) (50 mg/JO ml ofculture) at zero time. Flasks were again shaken, and 2-ml portions ofthe culture were taken out as indicated and added to 2 ml of cold trichloroacetic acid. UDPGlcNAc was recovered from the acid-soluble fraction and determined. phate amidotransferase. As a result, the incorporation of glucose into UDP-GIcNAc is inhibited in the presence of polyoxin D, since glucose must be converted to fructose-6-P before entry to the pathway leading to UDP-GlcNAc. On the other hand, the entry of glucosamine bypasses this control step; it is therefore not affected by the feedback inhibition and its incorporation into UDP-GlcNAc occurs at a normal rate.
UDP-GlcNAc inhibition of purified enzyme. UDP-GlcNAc was a potent inhibitor of the amidotransferase. The inhibition curve was a hyperbolic shape but only reached around 70% inhibition, even at high levels of UDP-GlcNAc (Fig. 3) . When the inhibition was studied as a function of the fructose-6-P concentration, the results shown in Fig. 4 were obtained. The double reciprocal plots show that UDP-GlcNAc did not change the Km value for fructose-6-P but did lower the maximum velocity; in other words, it acted as a noncompetitive inhibitor with respect to fructose-6-P. The Km for fructose-6-P was The inhibition of the transferase was quite E specific for UDP-GlcNAc (Table 3) Fig. 4 , except that the concentra-UDP-GlcNAc synthesis, is inhibited by the end tion offructose-6-P was 10 mM and glutamine was at product, UDP-GIcNAc. This situation is similar the concentrations indicated. inhibition operating the UDP-GlcNAc concentration of N. crassa.
The control of the synthesis of UDP-GlcNAc may play physiological roles in the cell of N. crassa. When the rate of synthesis of cell wall chitin is altered, the fungus is enabled to adjust rapidly the rate of UDP-GlcNAc synthesis to the requirement for this compound. The level of the enzymes in the pathway to UDP-GlcNAc may thus be kept high enough to cope with increased demand, without imposing on the fungus the burden of continuous overproduction of the nucleotide sugar. Furthermore, control of the amidotransferase renders the synthesis of UDP-GlcNAc relatively independent of the level of fructose-6-P, one of the key intermediates in the fungal metabolism.
The concentration of UDP-GlcNAc in the cell must be sufficiently high to function as glycosyl donor in the synthesis of cell wall chitin. The Km value for UDP-GlcNAc of chitin synthetase of N. crassa is 1.43 X 10-3 M (4). In view of the extensive intracellular organization of fungal cells, it may be that the concentration of this nucleotide sugar approaches the Km value at the site of enzyme action of the transferase.
These values should be compared with the data in Fig. 3 which show that, at a fructose-6-P concentration of 6 X 10-s M, the amidotransferase is inhibited 60% by 0.2 X 10-M UDP-GlcNAc.
The present experiments have shown that L-glutamine D-fructose 6-phosphate amidotransferase from N. crassa has properties characteristic of enzymes subject to feedback inhibition. UDP-GlcNAc was a noncompetitive inhibitor with respect to both glutamine and fructose-6-P, suggesting that the amidotransferase has a separate "allosteric" binding site for UDP-GlcNAc. A preliminary experiment on the desensitization of the amidotransferase to UDP-GlcNAc showed that including UDP-GlcNAc during the heating caused the greater desensitization, as though the presence of UDP-GlcNAc made the inhibitor site more labile. Therefore, the protecting action of UDP-GlcNAc (Fig. 1 ) may also be explained by a mechanism in which UDP-GlcNAc binds to a site distinct from the active site.
